The authors determined cerebral blood flow (CBF) with magnetic resonance imaging (MRI) of contrast agent bo lus passage and compared the results with those obtained by 0-15 labeled water (H2150) and positron emission tomography (PET), Six pigs were examined by MRI and PET under normo and hypercapnic conditions, After dose normalization and in troduction of an empirical constant <POd' absolute regional CBF was calculated from MRL The spatial resolution and the signal to-noise ratio of CBF measurements by MRI were better than Rapid magnetic resonance imaging (MRI) of the pas sage of a bolus of magnetic susceptibility contrast agent has become an important tool for assessing regional ce rebral blood volume (CBV, "perfusion") (Rosen et aI" 1990; Rosen et aI" 1991), This technique has gained widespread acceptance in the evaluation of certain types of hemodynamic changes in cerebral pathologies, espe cially stroke (Sorensen et aI" 1996) and CNS tumors (Aronen et aI" 1994), With regard to cerebral blood flow (CBF) determined from contrast bolus passage, there has been uncertainty whether CBF can be measured reliably with MRI be cause of inherent theoretical problems (Lassen, 1984; Weisskoff, 1993), Recent results indicate that MRI can Abbreviations used: CBF, cerebral blood flow; CBV, cerebral blood volume; EPI, echo planar imaging; MRI, magnetic resonance imaging; 'PET, positron emission tomography.
where Ca (t) is the arterial input, F is tissue blood flow, and R(t) is the vascular residue function (i.e., the fraction of tracer present in the vascular bed of the VOl at time t after injection of a unit impulse of tracer in its supply vessel). By treating the residue function as an unknown variable, this approach circumvents the problems of us ing intravascular tracers for CBF measurements pointed out by Lassen (1984) and Weisskoff et al. (1994) .
Assuming that tissue and arterial concentrations are measured at equidistant time points tl, t 2 = tl + �t, ... , t N' this equation can be reformulated as a matrix equation
where, by assumption, K I = CBF for freely diffusible tracers and k2 = K1/Ve, where Ve is the partition volume of the tracer . V 0 is the vascular distribution volume for the tracer in the tissue.
MATERIALS AND METHODS

Animal preparation and experimental protocol
Six female country-bred Yorkshire pigs weighing 38 to 45 kg were used in the experiments. Before the experiment, the pigs were housed singly in stalls in a thermostatically con trolled (20°C) animal colony with natural lighting conditions.
The pigs had free access to water but were deprived of food for 24 hours before the experiment. The project was approved by the Danish National Committee for Ethics in Animal Research.
(CYor ( tl) ) (Ca ( tl) 0 .. Positron emission tomography cerebral blood flow measurement
The regional uptake of a diffusible tracer is described by the equation introduced by Ohta et al. (1996) : 
Magnetic resonance imaging analysis
We used susceptibility contrast arising from compartmental ization of the paramagnetic contrast agent (Villringer et aI., 1988) to determine tissue and arterial tracer levels. We assumed a linear relationship (Weisskoff et aI., 1994) between paramag netic contrast agent concentration and the change in transverse relaxation rate, Ll R2, to determine tissue and arterial tracer time concentration curves C(t) according to the equation
where S(O) and Set) are the signal intensities at baseline and time t, respectively. We assumed T 1 to be unaltered during the We assumed that the mean brain-to-systemic hematocrit ratio is 0.69 (Lammert sma et aI., 1984). To correct for slightly differ ent Paco2 levels in the MRI and PET normo-and hypercapnic conditions, respectively, the PET CBF and CBV maps were corrected to the Paco2 of the MRI measurements. We assumed a linear relationship between Paco2, and CBV and CBF, re spectively (Grubb et aI., 1974) , that is
Positron emission tomography image analysis
The two constants a and b were determined for each pixel, and CBV and CBF were corrected.
Comparison of positron emission tomography and magnetic resonance imaging parameter images
Magnetic resonance imaging CBF maps were filtered using a 4.S-mm FWHM Gaussian filter to make the spatial resolution of PET and MRI maps as similar as possible. Pixel maps of CBF (at similar anatomic locations and pixel size) generated with PET and MRI then were compared on a regional basis for the normo-and hypercapnic condition. In each image, 10 to 12 regions of interest of similar size were chosen. Average re gional CBF values and their standard deviations (SDs) (derived from the pixels within the region of interest) for the normo-and hypercapnic conditions then were plotted versus the corre sponding PET CBF values to examine the appropriateness of a linear relationship between the two estimates. Linear least squared regression analysis was performed to determine the slope and y intercept of the linear fit. Finally, to test whether a common conversion factor yields absolute CBF by MRI, Stu dent's t-tests were performed, comparing the slope and its SD for each pig with those of the remaining pigs.
RESULTS
By averaging regional MRI CBF values (as deter mined by equations 2 and 5) and 150 water PET CBF values (in mLilOO mLimin) for all pigs (for both normo and hypercapnic conditions), a conversion factor of <PGd = 1.09 was found. In the remaining analysis, all MRI flow rates were multiplied by this factor. Figure 1 shows parametric maps of CBF for pig 3. The pixel size is the same in the two images. Notice the good overall agreement between the regional values and re sponses to arterial CO2 levels using the two methods, although the MRI CBF map appears to distinguish better between gray and white matter structures than the PET CBF maps. Also, the PET CBF map appears to be some what noisier than the MRI CBF map. We investigated possible regional differences in CBF maps obtained by the two methods. These appeared to be mainly associated with either noise artifacts or the presence of veins in the PET image slice. Noise in PET images appears as "streaky artifacts" that sometimes propagate into the CBF maps. Conversely, veins often are interpreted by the kinetic model in equation 4 as a high flow region, whereas they rarely are detected by the MRI sequence. smaller than the corresponding SD for the same PET region of interest. Figure 3 shows the corresponding plot for repeated PET measurement of CBF with 150 butanol.
The results of the linear regression analysis are shown in Table 1 . The slopes of the linear regression lines did not significantly differ among the pigs (by multiple pairwise Student ' s t tests). For most animals, the regression coef ficient? (the proportion of the variance accounted for by the regression) ranged between 0.7 and 0.8. This was slightly lower than the value (i.e., 0.86) obtained by com paring CBF maps obtained in identical brain slices with 
DISCUSSION
Despite the inherent complexity of susceptibility con trast mechanisms and their use for measurements of CBF, our rather simple approach to quantify CBF from MRI seems promising as a first approach toward mea surement of absolute CBF. In all six animals, the com- 
FIG. 4.
Parametric cerebral blood volume maps using positron emission tomography (PET) and magnetic resonance imaging (MRI) for the same brain slice (A) in normocapnia (8 and C) and hypercapnia (0 and E). The color scales are different to visualize the images.
The large blood volumes in the veins behind the eye in the PET images are not visible by MRI. The transverse venous sinus is visualized by both PET and MRI.
A more complex problem was caused by the differ ences in inherent resolutions of PET and MRI. For our PET system, the effective resolution with the parameters used is approximately 4.5 mm in the center of the inves tigated volume. By using a Gaussian filter, we sought to blur the MRI measurements to yield the same resolution as the PET CBF measurements. However, the CBF im ages in Figure 1 still indicate that there may be differ ences in resolution that are not accounted for, causing influence from neighboring regions to be different in the two imaging modalities, thereby causing a nonlinear re lationship between regional CBF values simply because of differences in resolution. We believe that these factors explain the slightly better regression statistics obtained when comparing two PET CBF measurements rather than comparing MRI measurements. Some data sets (pigs 1 and 6) yielded regression lines with slopes some what below unity and a positive y-axis intercept, as also found when comparing 150 water and 150 butanol CBF measurements. With the latter tracer, the discrepancy is due to limited diffusibility of water across the blood brain barrier, causing higher flows to be underestimated (Ohta et a!., 1996) . For MRI measurements, the earlier simulation studies also predicted that high flow rates would be underestimated, when the microvascular mean echo EPI sequence used in our experiment. By a Monte Carlo simulation approach, Weisskoff et al. (1994) pre viously demonstrated that the susceptibility contrast in this imaging sequence arises mainly in small, capillary sized vessels. Because the distribution of fractional vas cular volume as a function of vascular diameter is not fully known, it is difficult to predict absolute volume values based on these simulations. Therefore, our 40% to 50% estimate of the vascular fraction detected by MRI is difficult to compare with theoretical predictions. How ever, studies of peripheral tissue indicate that vessels smaller than 30 to 40 �m in diameter (small arteries, arterioles, capillaries, venules, and small veins) represent approximately 50% of the total vascular volume (Johnson, 1973) . Assuming that the MRI measurements are predominantly sensitive to the smallest vessels, our value of 40% to 50% therefore points toward a sensitiv ity of the MRI technique to vessels smaller than 30 to 40 �m. This in turn makes the CBF and CBV techniques sensitive to microvascular phenomena, for example, neo vascularization in neoplasia (Aronen et a!., 1994) and flow-volume mismatches in stroke due to delayed pas sage through oxygen-exchanging vessels (Heiss et a!., 1994) .
